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Abstract
Twenty volume percent of TiC whisker-reinforced MoSi matrix composite was fabricated by hot-press sintering. The2
effects of TiC whisker on mechanical properties at room temperature, bending yield strength at 1200 8C and wear resistance
against Al O material were investigated. The experimental results of 20-vol.% TiC rMoSi composite were compared2 3 w 2
with those of 20-vol.% SiC rMoSi . q 2002 Elsevier Science B.V. All rights reserved.w 2
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1. Introduction
w xSince the initial work of Gac and Petrovic 1 , the
intermetallic compound molybdenum disilicide has
been extensively investigated. It can be used as the
most promising candidate material in the temperature
range of 1200–1600 8C in oxidizing atmospheres
and may compete with conventional superalloys due
to its high-melting point, excellent oxidation resis-
tance and ductile-to-brittle transition temperature
Ž . w xDBTT 2–7 . In addition, MoSi possesses high2
elastic modulus which ensures a good wear resis-
tance. However, like most of the intermetallics,
MoSi also exhibits extreme brittleness and poor2
Žimpact strength its DBTT is as high as 900–1000
.8C . Above DBTT, MoSi becomes more or less2
ductile and is amenable to conventional metallurgical
processing like hot working. Its strength decreases
) Corresponding author. Fax: q86-10-62771160.
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with increasing temperature. Therefore, to make
MoSi a viable high temperature structural material,2
both room temperature fracture toughness and ele-
vated temperature strength must be significantly im-
proved.
It is well documented that MoSi can be strength-2
ened and toughened through incorporation of second
phase such as ceramic particle, whisker or continu-
w xous fiber 1–11 . MoSi is fairly compatible with a2
large number of carbide, nitride, oxide and boride
even at high temperature, and with materials includ-
ing SiC, TiC, Si N , ZrO , Al O , Y O , TiB and3 4 2 2 3 2 3 2
w xZrB , etc. Gac and Petrovic 1 have shown that2
room temperature flexural strength and fracture
toughness of SiC whisker reinforced MoSi compos-2
ite were higher by 100% and 54% than monolithic
w xMoSi . Zheng et al. 12 reported that the elastic2
limit and elongation are 300 MPa and 2.5% for
SiC rMoSi composite and 170 MPa and 1.6% forw 2
monolithic MoSi at 1200 8C. Therefore, SiC is2
considered to be a more desired reinforcement mate-
rial in MoSi matrix composites.2
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However, TiC may be a more interesting rein-
forcement material due to its special properties. Al-
though some researches on TiC whisker-reinforced
w xMoSi composites are available 10,13,14 , so far,2
no work on TiC whisker-reinforced MoSi compos-2
ite has been reported in the literature. In this study,
both TiC rMoSi and SiC rMoSi compositesw 2 w 2
were fabricated by hot-pressed sintering process.
Fig. 1. Micrographs showing the morphology of MoSi , TiC rMoSi and SiC rMoSi composites.2 w 2 w 2
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Ž .Fig. 1 continued .
Hardness, flexural strength, fracture toughness and
wear resistance at room temperature and bending
yield strength at 1200 8C were measured and investi-
gated. Based on this study, a comparison was made
of the effects of both TiC whisker and SiC whisker
on the mechanical properties and wear resistance at
room temperature and bending strength at high tem-
perature of MoSi .2
2. Materials and methods
MoSi powder, with a mean particle size of 42
mm, was supplied by Advanced Technology and
Materials, China. The second phases used in the
Žexperiment were TiC whiskers from our research
. Ž .group and b-SiC whiskers from Tokai Carbon .
TiC whiskers have an aspect ratio in the range of
20–60 and a diameter of 1–5 mm. The mean diame-
ter and length of SiC whiskers used were 0.2–0.5
and 20–80 mm, respectively. The whiskers and
MoSi powder were dispersed in ethyl alcohol at a2
pH of 11. The slurry was milled for 24 h. Then, by
suddenly changing the pH to 7 rapidly, the slurry
became viscous. The viscous slurry was dried,
crushed and screened. The resulting powder mixtures
were hot pressed at 1700 8C under a pressure of 30
MPa in Ar atmosphere.
Phase identification was carried out by the X-ray
Ž .diffraction XRD . The bulk density was measured
by the Archimedes method. The microstructure was
characterized by scanning electron microscropy
Ž .SEM, S-450 with an energy dispersive X-ray spec-
Ž .trometer EDS .
The Vickers hardness was measured under 98 N
for 15 s. The dimension of three-point bending speci-
mens was 3=4=36 mm. Bending loading was
applied along hot-press axis with a crosshead speed
of 0.5 mmrmin The fracture toughness was deter-
Ž .mined by single-edge notched beam SENB method.
Bending yield strengths at 1200 8C were mea-
sured using a high-temperature strength test machine
at a crosshead speed of 0.5 mmrmin The specimen
of 3=4=36 mm was heated in air at a rate of 20
8C miny1 and kept at a given temperature for 30 min
before testing.
Wear test was carried out on Optimol SRV wear
test machine. Rectangle specimens of SiC rMoSiw 2
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Table1
Densities and phase constituents by X-ray diffraction analysis
Materials Density Relative Phase constituent
y3Ž .g cm density
Ž .%
Ž .MoSi 5.97 95.0 MoSi , Mo Si less2 2 5 3
SiC r 5.36 95.2 MoSi , b-SiC, Mo Siw 2 5 3
MoSi2
TiC r 5.57 95.3 MoSi , TiC, Mo Siw 2 5 3
MoSi2
and TiC rMoSi composites as well as monolithicw 2
MoSi were abraded on B25 mm highly pure Al O2 2 3
disk. The vibrating frequency and swing of specimen
were 40 Hz and 1.5 mm, respectively. Wear rates
Ž .mmrmin at an applied pressure of 1.2 MPa were
measured.
3. Results and discussion
3.1. Microstructures
Typical micrographs of monolithic MoSi , hot-2
pressed TiC rMoSi and SiC rMoSi compositesw 2 w 2
are shown in Fig. 1. Table 1 gives the densities and
phase constituents determined by X-ray diffraction.
In Fig. 1a, the continuous grey phase is MoSi , and2
dark and bright phases were found primarily along
the grain boundary. EDS analysis indicated that the
dark phase had high silicon content with only a trace
amount of molybdenum, while the bright phase has
Mo Si . In TiC rMoSi composite, MoSi , TiC5 3 w 2 2
and a small amount of Mo Si were identified by5 3
XRD. After milling of the mixture of MoSi powder2
and TiC whisker, there was a wide variation in TiC
whisker size distribution due to the break of some
whiskers, ranging from a few micrometers to 20–30
Ž .mm Fig. 1b . XRD shows that the phases present in
SiC rMoSi composites include MoSi , b-SiC andw 2 2
less Mo Si . The EDS analysis of the dark acicular5 3
Ž .phase as shown in Fig. 1c indicated that this phase
was SiC. The aspect ratio of the whiskers in the
composites was not changed, compared to the as-re-
ceived state. Some dark regions in the matrix are
considered to be pores.
3.2. Mechanical properties at room temperature
Table 2 gives the results of the mechanical prop-
erties and wear resistances of three types of materi-
als. Significant improvement in hardness was ob-
tained by incorporating TiC whiskers or SiC whiskers
into MoSi , and the Vickers hardness of TiC r2 w
MoSi composite was higher than that of SiC r2 w
MoSi composites. It may be due to the high hard-2
ness of TiC over that of SiC. Table 2 also shows
flexural strength and fracture toughness results of the
three materials. The strength increased by approxi-
mately 122% for TiC rMoSi composite and 93%w 2
for SiC rMoSi composite, compared to MoSiw 2 2
matrix. Fracture toughness of TiC rMoSi compos-w 2
1r2 Ž .ite was 5.2 MPa m increased by 63% and that of
1r2 ŽSiC rMoSi composite was 5.5 MPa m in-w 2
.creased by 72% . The significant improvement in
fracture toughness is due to the arrest of crack
propagation in MoSi by whiskers. The small differ-2
ence in the toughening effect between the two types
of whiskers may be ascribed to the mismatch of the
Table2
Mechanical properties and wear resistance of three types of materials
Materials Hardness Flexural Fracture Bending Wear rate
Ž . Ž .HV strength toughness yield mgrh
at room at room strength
temperature temperature at 1200 8C
1r2Ž . Ž . Ž .MPa MPa m MPa
MoSi 10.71 202 3.2 193 16.02
TiC rMoSi 14.52 448 5.2 379 0.6w 2
SiC rMoSi 13.94 389 5.5 326 1.0w 2
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two phases, the matrix and the whiskers, at the
interface due to the difference in the lattice constants
or thermal expansion coefficients of the two adjacent
phases.
3.3. Yield strength at eleÕated temperature
MoSi becomes more or less ductile at 1200 8C or2
higher, so the sample may not fracture during bend
test. This makes it difficult to determine the flexural
strength of monolithic MoSi and its composites at2
1200 8C and above. In the present work, a three-point
bending strength test was used to evaluate their
high-temperature strength. Bending yield stress is
taken as the stress which causes a 0.05-mm perma-
nent plastic offset deviation. Table 2 presents the
yield stresses of three types of materials at 1200 8C.
Yield stresses for both composites are significantly
greater than that of pure MoSi . It is increased by2
96% for TiC rMoSi composite and by 69% forw 2
SiC rMoSi composite.w 2
3.4. Wear behaÕior
Due to its high hardness and high elastic modulus,
MoSi shows a very high wear resistance. Wear test2
was made using highly pure Al O as abrasion2 3
material. The wear rates of the three materials under
1.2-MPa applied pressure on Al O are shown in2 3
Table 2. From Table 2, it is seen that composites
only had a wear rate less than 1 mgrh, whereas
monolithic MoSi showed a wear rate of 16 mgrh,2
that is, wear resistance of TiC rMoSi and SiC rw 2 w
MoSi composites were higher at 96% and 94%,2
respectively, compared with that of monolithic
MoSi . The wear resistance of MoSi is improved2 2
by the addition of two types of whiskers. In addition,
the result demonstrated that the wear resistance of
TiC rMoSi composite was higher than that ofw 2
SiC rMoSi composite. We also found that thew 2
higher the applied pressure on specimen, the larger
the differences in wear resistance between mono-
lithic MoSi and composite. Generally, material wear2
resistance depends on hardness, elastic modulus and
microstructure. In the present work, hardness of
TiC rMoSi and SiC rMoSi composites wasw 2 w 2
Ž .higher than that of monolithic MoSi Table 2 . This2
may account for the excellent wear resistance of
SiC rMoSi composite and, in particular, TiC rw 2 w
MoSi composite.2
4. Concluding remarks
1. TiC whisker-reinforced MoSi composite pre-2
pared by hot-pressed process had a higher
Vickers hardness and flexural strength fracture
toughness than monolithic MoSi at room tem-2
perature.
2. TiC rMoSi and SiC rMoSi compositesw 2 w 2
both had significantly improved high-tempera-
ture strength. At 1200 8C, TiCwrMoSi had2
96% and SiC rMoSi had 69% increase inw 2
bending yield strength compared with the
monolithic MoSi .2
3. TiC rMoSi and SiC rMoSi compositesw 2 w 2
both had a quite excellent wear resistance
at room temperature. The wear resistance of
TiC rMoSi composites and SiC rMoSiw 2 w 2
composites was higher by 96% and 94% than
monolithic MoSi , respectively.2
4. Room temperature fracture toughness of TiC rw
MoSi composite was a little lower than that of2
SiCwrMoSi , but its room temperature Vick-2
ers hardness, flexural strength and wear resis-
tance and high-temperature yield strength were
higher than that of SiC rMoSi composites.w 2
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